Isolated barley (Hordeum vulgare L.) aleurone layers have been widely used as a model system for studying gene expression and hormonal regulation in germinating cereal grains. A serious technological limitation of this approach has been the inability to confidently extrapolate conclusions obtained from isolated tissues back to the whole grain, where the co-location of several living and non-living tissues results in complex tissue-tissue interactions and regulatory pathways coordinated across the multiple tissues. Here we have developed methods for isolating fragments of aleurone, starchy endosperm, embryo, scutellum, pericarptesta, husk and crushed cell layers from germinated grain. An important step in the procedure involves the rapid fixation of the intact grain to freeze the transcriptional activity of individual tissues while dissection is effected for subsequent transcriptomic analyses. The developmental profiles of 19 611 gene transcripts were precisely defined in the purified tissues and in whole grain during the first 24 h of germination by RNA sequencing. Spatial and temporal patterns of transcription were validated against well-defined data on enzyme activities in both whole grain and isolated tissues. Transcript profiles of genes involved in mitochondrial assembly and function were used to validate the very early stages of germination, while the profiles of genes involved in starch and cell wall mobilisation matched existing data on activities of corresponding enzymes. The data will be broadly applicable for the interrogation of co-expression and differential expression patterns and for the identification of transcription factors that are important in the early stages of grain and seed germination.
INTRODUCTION
Germination of non-dormant seeds and grains, as defined by Buckhout et al. (1981) and Bewley and Black (1994) , begins with the uptake of water by the seed and ends with the emergence of the embryonic axis, usually the radicle. In commercially important cereals, a major challenge associated with studies of this system is the sequential nature of endosperm modification during germination. Thus, when water is taken up by the dry grain, the phytohormone gibberellic acid (GA) is believed to be synthesised in the nodal region or elsewhere in the embryo, from where it diffuses along the water gradient (Radley, 1967; Jacobsen and Chandler, 1987) . The first target cells for GA are probably the single layer of cells of the scutellar epithelium (Stuart et al., 1986 ) that lie at the interface of the embryo and the endosperm. Protomitochondria in these cells develop into active mitochondria, while endoplasmic reticulum and Golgi are assembled; the cells become metabolically active and start to secrete hydrolytic enzymes into the starchy endosperm for the mobilisation of endosperm reserves (Fincher, 2011) . The GA continues to diffuse through the grain, from the proximal to the distal regions of the endosperm, and 'activates' its other target cells, namely the aleurone. Similar changes are observed in these aleurone cells insofar as organelles develop (Morrison et al., 1975; Buckhout et al., 1981) and the cells synthesise and secrete hydrolytic enzymes into the starchy endosperm. As a result, gene expression patterns through the grain vary in time and space depending on the arrival of water and the stimulation by GA, together with other hormones such as abscisic acid (ABA) (King, 1976) . The resultant complexity of gene expression patterns is not surprising given the complexity of grain structure, which includes the living embryo and aleurone layer and the non-living starchy endosperm, pericarp-testa and husk (Duffus and Cochrane, 1993) . Furthermore, the non-living tissues of the mature grain also contain residual, partially degraded, transcript fragments that originate from the developing grain (Fincher, 1989) .
Isolated barley aleurone layers, usually from the hullless Himalaya cultivar, were widely used as a model system in early studies on germination physiology, cell biology and biochemistry, with a particular emphasis on the secretion of hydrolytic enzymes and their regulation by GA and ABA (Chrispeels and Varner, 1967; Jacobsen and Varner, 1967; Lanahan et al., 1992; Gubler et al., 1995; G omez-Cadenas et al., 2001; Shahpiri et al., 2015; DaneriCastro et al., 2016a) . When techniques for RNA analysis were developed, barley aleurone layers were also used to monitor changing transcript profiles induced by GA and ABA and to investigate the mechanisms controlling transcription (Chen and An, 2006; An and Lin, 2011) .
Although these isolated aleurone layers have provided invaluable information, we are unable to assume that the data and conclusions so generated apply to expression patterns within the interacting complexities of the intact, germinating barley grain. To address this technological challenge, we have developed a method that allows isolation of highly pure individual tissues from germinated mature, non-dormant barley grain. The method also ensures that transcriptional activity is stopped at the desired time point, prior to tissue purification and RNA isolation. Thus, RNA sequencing (RNA-seq) data have been generated for all the living tissues of the grain, namely the aleurone layer, the scutellum and the remaining major portion of the embryo, in the first 24 h after germination. Genes that are transcribed in these individual tissues in these early stages after the initiation of germination have been defined and, in particular, have been related to the development of mitochondria and early mitochondrial activity (Howell et al., 2006; Law et al., 2012) . Genes that encode (1,3;1,4)-b-glucanases were also investigated, because these are transcribed early after the initiation of germination in both aleurone layers and the scutellar epithelium (McFadden et al., 1988; Slakeski et al., 1990) . Transcripts of genes that mediate starch degradation were also examined. Through these analyses, we have been able to validate the transcript abundance data using welldocumented spatial and temporal changes in enzymes that are involved in mitochondrial re-assembly, cell wall polysaccharide depolymerisation and starch degradation.
RESULTS

Isolation of purified tissues from germinating barley grain
Non-dormant barley grains were germinated for 0, 2, 6 or 24 h. Grains were cut approximately in half longitudinally and infiltrated in non-aqueous Carnoy's fixative before dissection into nine tissues, namely embryo (without scutellum), scutellum, aleurone 1 (al1, proximal), aleurone 2 (al2, central), aleurone 3 (al3, distal), starchy endosperm, husk, pericarp-testa and the crushed cell layer. The Carnoy's fixation step was required to stop germination, to preserve RNA integrity and to prevent loss of water-soluble material during subsequent hydration of the grain prior to dissection. The germinative capacity of the fixed half grains was 0%.
Bright-field images showing the material from mature, ungerminated grain (0 h) at each stage of this dissection process are shown in Figure 1 . The isolated tissues were examined for purity by light microscopy and in all cases contained little or no contamination from other tissues (Figure 2 ). Aleurone layers were free of adhering starch granules and/or other material (Figures 2b, i) .
RNA-seq analyses
The RNA was extracted from isolated tissues pooled from approximately 10 grains, and also from whole fixed and unfixed grain. High-quality RNA was extracted from the living tissues of the grain, namely the aleurone, the scutellum and the remaining embryo, as shown in Figure 3 (a). The RNA integrity numbers (RIN) for each tissue sample were determined, and the average RIN was >7 for embryo, scutellum, aleurone and whole grain samples. As expected, the levels of RNA from the non-living starchy endosperm, pericarp-testa, husk and crushed cell layers were low and quality was poor, so these tissues were not examined further.
The RNA-seq analysis identified transcripts of 25 351 genes, of which 19 611 had sufficient reads for robust statistical analyses. Of these, 11 617 showed differential expression in at least one tissue when comparing later time points with the 0 h baseline (Table S1 ). Multi-dimensional scaling plots showed that biological replicates clustered tightly, and samples were separated by tissue types (x-axis) and time (y-axis) (Figure 4a ). Embryo and scutellum samples were more closely related and clearly separated from the tightly clustering aleurone samples. As expected, the control samples of the whole fixed grains and the whole unfixed grains mapped in between those groups, because the whole grain represents a composite of the purified tissue types. Gene coverage analysis, performed after mapping reads to the barley genome, showed uniform read distribution across the genes without any strong 5 0 or 3 0 biases for any samples from the different tissues ( Figure S1 in the online Supporting Information). Embryo and scutellum samples showed the highest levels of transcript diversity at the 0 h time point, while al3 had the lowest level of diversity, with 10 transcripts making up over 25% of the total number of RNA-seq reads; many of these highly abundant gene transcripts appear to be involved in senescence and defence ( Figure S2 ). As expected, the diversity increased in most tissues over the 24-h developmental time course; at this stage we are unsure why this was not observed in the al1 sample ( Figure S2 ).
For the five dissected tissues, there were no differentially expressed genes (DEGs) at the 2-h time point compared with the unimbibed grain (0 h), except in the al3 tissue, where a relatively small number of DEGs were detected ( Figure 4b , Table S1 ). In other tissues, the number of DEGs progressively increased with peaks of 7371 and 6519 DEGs at 24 h in the scutellum and the embryo, respectively. Within the three aleurone samples, the number of DEGs was the highest in al1 (4420 DEGs); by 24 h, it was four times higher than in al2 (973 DEGs) and 75 times higher than in al3 (59 DEGs, Figure 4b ). Higher levels of transcriptional activity in the al1 section probably reflect the earlier activation by GA in this part of the aleurone, given that water enters through the micropyle at the proximal, embryo end of the grain and diffuses to the distal end of the grain. Of the 11 617 DEGs identified across all the dissected tissues and time points, 2210 were shared between the embryo, scutellum and the combined aleurone, while about 1600 genes were specific to each of these tissues. Specific to both the embryo and scutellum were 3311 genes, while those two tissues shared 368 and 818 DEGs with the combined aleurone DEGs, respectively (Figure 4c) .
Quantitative PCR (qPCR) was used to check the patterns of gene transcripts in the RNA-seq data, using two tissues, two time points and three genes. The patterns for all samples were consistent in both methods ( Figure S3 ).
Transcription of genes encoding mitochondrial proteins
The establishment of mitochondrial function is one of the earliest events in germination, where it is essential for providing energy for the mobilisation of endosperm reserves and for seedling development (Law et al., 2012) . For 770 genes identified as encoding proteins located in the mitochondria on the basis of their sequence homology with Arabidopsis proteins (Law et al., 2012) , transcript levels changed significantly over the 24-h time course, with 270 showing a decrease in abundance and 500 showing an increase in abundance by the 24-h time point across all tissues analysed ( Figure 5a , Table S2 ). This expression pattern, with the highest number of mitochondrial DEGs at 24 h in the embryo and scutellum, mirrored the transcriptional patterns of the whole gene set ( Figure 4b ).
Changes in transcript levels between and within the different tissues were revealed by quantifying expression as transcript per million (TPM) values ( Figure 5a ; Wagner et al., 2012) . Hierarchical clustering identified three main clusters (red, blue, green) of genes with similar transcriptional patterns (Figures 5a, b) . Transcript levels of genes in the red and blue clusters were higher in the embryo and the scutellum than in the aleurone sections, with increasing expression over the germination period. Transcript levels for genes in the red cluster rose more than transcripts in the blue cluster, indicating increasing transcriptional and metabolic/developmental activity, but had approximately four-fold lower absolute expression levels than genes in the blue cluster. Genes in the green cluster had a largely constitutive expression at a similar level in all analysed tissue and across time points. Their expression, however, was higher than genes in the red and blue cluster by approximately 32-fold and 8-fold, respectively. A Gene Ontology (GO) term enrichment analysis (GOEA; P < 0.001) showed that red cluster genes of the mitochondria were mainly involved in primary metabolic processes such as glycolysis and carbohydrate metabolism and amino/oxo acid metabolism ( Figure 5c , Table S3 ). GOEA for the genes in the blue cluster also identified primary metabolic functions, but related to energy generation, lipid metabolism and coenzyme metabolism (Table S3 ). For the highly expressed genes in the green cluster, GO terms relating to respiration and responses to various stresses were enriched (Table S3) .
Earlier studies have shown that the RNA-binding pentatricopeptide repeat (PPR) proteins, which are involved in post-transcriptional changes in RNA levels through RNA (a) Gel showing RNA composition and quality. Whole grain samples were extracted from two grains and 1000 ng RNA was applied to the gel for each sample. Lanes 3 and 13 show the 1-kb ladder of DNA standards (ThermoFisher Scientific, https://www.thermofisher.com/). Purified tissue samples from approximately 10 grains were pooled for total RNA extraction and approximately 3.3% of this total RNA extract was applied to each well of the gel. (b) A boxplot showing the middle two quartiles, maximum and minimum values of the RNA integrity numbers (RINs) for each sample type at all time points. Abbreviations are as follows: wug, whole unfixed grain; wfg, whole fixed grain; em, embryo; sc, scutellum; al1, proximal aleurone third; al2, central aleurone third; al3, distal aleurone third; endo, starchy endosperm; p-t, pericarp-testa; cc, crushed cell layer. Table S1 . Abbreviations are as follows: wug, whole unfixed grain; wfg, whole fixed grain; em, embryo; sc, scutellum; al1, proximal aleurone third; al2, central aleurone third; al3, distal aleurone third. editing, processing, turnover and translation (Barkan and Small, 2014) , are among the earliest genes induced in seed germination (Law et al., 2012) . Correspondingly, for the 116 differentially expressed barley PPRs, 85 PPR genes were upregulated, mainly in the embryo, scutellum and al1, while 29 were downregulated ( Figure 6 , Table S4 ). The majority of these changes were only apparent at 24 h, but for nine PPRs, upregulation was already detectable at 6 h.
Similarly, genes coding for mitochondrial proteins involved in transcription and RNA and DNA processing were also differentially expressed at 24 h compared with 0 h (Figure 6 , Table S4 ). Protein import is another important process essential for the biogenesis and function of mitochondria. Several components of the mitochondrial protein synthesis machinery, such as components of the translocase of the inner/outer membrane (TIM/TOM), were increased in expression at 24 h, while some genes coding for putative isoforms were downregulated. This might indicate a switch in the expression of isoforms with different specific functions during early germination. Another important mitochondrial function is the generation of the energy necessary to drive germination. Genes associated with mitochondrial oxidative phosphorylation were also among the DEGs. While several genes encoding alternative oxidase (AOX), ATP synthase proteins and flavoproteins were downregulated, components of the cytochrome complex and one ATP synthase were also upregulated (Figure 6 , Table S4 ). Interestingly, several proteins belonging to the mitochondrial carrier protein (MCP) family were highly upregulated, with one isoform already detectable at 6 h. This is most likely a reflection of the requirement for transport of materials into and out of mitochondria to power germination (Picault et al., 2004) .
(1,3;1,4)-b-glucan and starch hydrolysis An early event in barley grain germination is the degradation of cell walls of the starchy endosperm, where (1,3;1,4)-b-glucans are a major wall constituent (Fincher, 1989) . Two (1,3;1,4)-b-glucan endohydrolases are key enzymes in wall degradation and their encoding RNA transcripts were detected in both the scutellum and the proximal al1 tissues at 24 h after the initiation of germination (Figures 7a, b) ; transcript levels were higher in the scutellum than in the al1 aleurone tissue at this stage.
The complete depolymerisation of starch granules involves a battery of enzymes, some of which are present in the mature starchy endosperm and some of which are synthesised de novo in the scutellum and the aleurone layer (Fincher, 1989) . Of the starch-degrading enzymes that are synthesised in the aleurone and scutellum, the a-amylases are amongst the most important hydrolytic enzymes. Here it is clear that several a-amylase (AMY) genes were transcribed at 24 h after the initiation of germination, predominantly in the scutellum but also in the aleurone al1 tissue. In particular, amy1_2 gene (HORVU6Hr1G080790; Mascher et al., 2017) transcripts were detected at relatively high levels in the al1 tissue and the scutellum at 24 h (Figure 7c) . Conversely, many b-amylase genes are transcribed and translated during grain development and stored in an inactive form until required for starch degradation during germination (Fincher, 1989; Radchuk et al., 2009) , as exemplified by the BAM3 gene (HORVU4Hr1G084390), for which transcript levels were high in the mature grain (0 h) in the embryo and scutellum but dropped markedly by the 24-h time point (Figure 7d ).
DISCUSSION
The germination of cereal grains is of central importance for the successful cultivation of these economically important species, which provide a high proportion of daily caloric requirements in human societies around the world. Strong and uniform germination of sown grain is essential for early seedling vigour, resistance to biotic and abiotic stresses and for the final yields of the mature crop at harvest time. Uniform germination of grain is also important for the malting, brewing and distilling industries (Bamforth, 2003) .
The overall aim of the work described here was to develop methods that could be used to define total gene transcription in individual tissues purified from intact, germinated cereal grains, in the expectation that these methods would be equally applicable to germinated seeds from angiosperms in general. In particular, we wanted to describe these tissue-specific patterns of transcription in a modern, hulled malting variety (cv. Navigator) rather than in the previously used hull-less cv. Himalaya. Furthermore, the focus of this study was on transcript profiles during the very early stages of germination, namely 0-24 h. While there have been several studies on total transcript development in whole developing cereal grains (Wan et al., 2009; Pfeifer et al., 2014; Zhan et al., 2015; Zhang et al., 2016) , transcriptional activity in developing grain is dominated by a single tissue, namely the endosperm. In contrast, germinated grain contains several living and non-living tissues at different stages of development or degradation. These considerations dictate that tissue-specific methods are required to generate a true picture of gene expression during germination and its regulation in this dynamic system.
The importance of developing tissue-specific methods has been recognised by Svensson and colleagues, who have used a tissue-specific approach to their proteomic analyses of aleurone, starchy endosperm and embryo from germinated Himalaya barley (Finnie and Svensson, 2003; Bønsager et al., 2007; Daneri-Castro et al., 2016b grain. However, the method we have developed here allows the isolation of all living tissues from the germinating grain, over a time frame of choice, from this complex biological system. Further, the method has been used here to analyse transcript abundance in the purified tissues, but could also be used for profiling proteins and metabolites.
Although large-scale transcript profiling has been performed in whole germinated grain (Sreenivasulu et al., 2008; Davidson et al., 2012) , in the present project we have defined transcript profiles from individual tissues at different stages of germination. Whole, intact barley grains have been germinated under 'standard' conditions and longitudinal grain sections have been vacuum-infiltrated with Carnoy's fixative, which quickly stops the germination process so that tissues can be excised and purified over an extended time period; the fixative also preserves the RNA (Foss et al., 1994) prior to RNA-seq analyses of extracts from the individual dissected tissues. Although the focus in the present study was on transcript profiles in the dissected living tissues, the non-living tissues were also isolated in pure form and will be examined in the future for their detailed morphology and cell wall composition.
In addition to the technical challenges imposed on the development of methods to dissect out, in essentially pure form, the various living and non-living tissues of the germinated barley grains (Figures 1 and 2) , it is well documented that the tissues of mature barley grains have different levels of residual RNA that were synthesised during grain development and persist in the mature grain. For example, the non-living starchy endosperm has significant levels of this residual RNA in mature barley grain (Fincher, 1989) and ribonucleases are secreted from the aleurone layer after germination to degrade it (Chrispeels and Varner, 1967) . It is also possible that some full-length RNA is stored in the tissues of the mature grain. Changes in the germinating grain must therefore be analysed against a background of residual or stored RNA that originated from the developing grain. Thus, the progressive decreases in transcript abundance for many genes in the aleurone, scutellum and embryo (Figure 4b ) are probably attributable to the declining levels of residual mRNA species, while the expression of other genes increases. This is consistent with the finding that several genes annotated as ribonucleases are expressed at high levels in many tissues during the 24-h germination period (>50 TPM; HORVU3Hr1G031690, HORVU3Hr1G082310, HORVU7Hr1G082860, HORVU3Hr1 G042890, HORVU2Hr1G046530, HORVU2Hr1G066330). Similarly, residual or stored RNA might be expected in the other tissues of the mature grain.
Given that we developed the techniques on grain that had been germinated for up to 24 h, attention was therefore focused on changes in genes that are known to be expressed early in germination. For example, in germinating rice grains, genes involved in mitochondrial function Figure 6 . Differential expression of selected mitochondrial genes. The left panel shows transcripts for barley genes with classifications similar to mitochondrial PPR genes previously identified in Arabidopsis and the right panel shows genes known to be important in the various processes that occur early in germination (Law et al., 2012) . Values are expressed as log 2 -fold changes in comparison to the 0-h time point (Table S3 ). (a) Hierarchical cluster analysis for transcript levels of 770 genes encoding mitochondrial genes are identified as differentially expressed in pair-wise comparisons of time points within a tissue type. For each individual grain tissue (em, embryo; sc, scutellum; al1, proximal aleurone third; al2, central aleurone third; al3, distal aleurone third), the analysed time points (0, 2, 6, 24 h) during germination are indicated by an elongated triangle. The tree on the left indicates the three major gene clusters (red, blue and green) that were identified. (b) Average transcript levels, expressed as log 2 (TPM + 1), are shown for genes in the three (red, blue green) identified clusters. Boxes (with median given) and bars indicate the 25th/75th and 10th/90th percentiles, respectively, for each gene cluster by tissue at each time point. (c) GO term enrichment analyses show genes in the three clusters that are involved in distinct, but partly overlapping, biological processes. Major GO terms belonging to each cluster are identified by their font colours. Only GO terms enriched with a P < 0.001 after Benjami-Hochberg correction are shown. Circle size indicates the number of genes within each GO term and the fill colour indicates the P-value for the given GO term. The complete data set is given in Tables S2  and S3. are expressed within 2 h of wetting the grain (Howell et al., 2006) . It is known that in germinating cereal grains one of the first visible events in the aleurone is the maturation of mitochondria and the assembly of the endomembrane system; these events are also likely to occur in the scutellar epithelium layer (Fincher, 1989) , but so far there have been no experimental data to support this suggestion.
To show that the developed method allows for a more detailed interrogation of processes governing grain germination, we have provided data on key steps such as mitochondrial biogenesis. It is apparent that this process is similar in all the living tissues, where genes involved in transcription and transcript processing (i.e. PPR proteins) are first activated. Thereafter, genes involved in protein import and energy metabolism are transcribed. This pattern appears to occur in all the living tissues and represents the sequential building of mitochondrial function that is evidenced by an increase in oxygen uptake during germination, specifically associated with the large increase in mitochondrial metabolism (Bewley and Black, 1994; Howell et al., 2006 Howell et al., , 2007 . The limited number of mitochondrial genes induced at the 2-h and 6-h time points reflects the translational regulation of germination observed in Arabidopsis thaliana, where the regulation of very early germination is largely exerted at the level of biophysical activation and translation (Basbouss-Serhal et al., 2015; Bai et al., 2016; Paszkiewicz et al., 2017) .
A second process that is known to occur early after the initiation of germination is the degradation of cell walls of the starchy endosperm, which enables proteases, a-amylases, nucleases and other hydrolases that are secreted from the aleurone layer and scutellar epithelium to gain access to their substrates, which are enclosed in the cells of the starchy endosperm (Fincher, 1989) . As shown in Figure 7 , transcripts encoding the (1,3;1,4)-b-glucanase isoenzyme EI can be detected at relatively high levels in the scutellum, while both isoenzyme EI and EII transcripts are also seen at relatively high levels in the proximal aleurone al1 tissue 24 h after the initiation of germination. This almost certainly reflects the fact that these tissues are located immediately adjacent to the micropylar region of the grain, which is the primary entry point for the water that initiates germination. The transcript patterns are consistent with northern hybridisation analyses, which showed that isoenzyme EI transcripts appeared to be more abundant than isoenzyme EII transcripts in both tissues at 24 h (Slakeski and Fincher (1992) . In situ hybridisations also showed that mRNA encoding (1,3;1,4)-b-glucanases was present in the scutellar epithelium (McFadden et al., 1988) . At the enzyme level, (1,3;1,4)-b-glucanase isoenzymes EI and EII were secreted from both isolated aleurone layers and scutella following treatment with GA (Stuart et al., 1986) .
Finally, the levels of transcripts encoding starch-degrading amylases were examined. These enzymes were assayed extensively in the early work on isolated barley aleurone layers, at both the enzyme activity and RNA levels (Chrispeels and Varner, 1967; Chandler et al., 1984) . The enzymes were also detected in both aleurone and the scutellar epithelium (Gibbons, 1981) , although there was some debate as to whether or not the scutellum was involved (Palmer, 1982) . Furthermore, the a-amylase enzyme activity appeared to follow somewhat later than the (1,3;1,4)-b-glucanases (Fincher, 1989) . In the present study, and consistent with the earlier work at both the mRNA and enzyme levels, a-amylase amy1_2 transcripts were indeed detected at 24 h in both the scutellum and the proximal aleurone al1 tissues (Figure 7c) . Transcripts for the b-amylase BAM3 gene decreased steadily in all tissues (Figure 7d ).
In summary, we have developed a new technique for the isolation of individual tissues from germinated barley grain that we believe will be widely applicable not only in studies of commercially important cereal and grass grains but also more generally in studies of germination of other angiosperm seeds. We show that the isolated tissues can be used for transcriptomic studies using RNA-seq, but the non-aqueous fixation method should also enable proteomic and metabolomic studies. Although the barley grains used here are larger than many other cereal grains and angiosperm seeds, we have previously shown that it is possible to manually dissect sufficient tissue for transcript profiling from much smaller developing barley grains (Zhang et al., 2016) . The technical advances described in the present work have been validated by matching the transcript profiles from 0 to 24 h after the initiation of germination with several well-documented processes that occur in the grain during this period.
EXPERIMENTAL PROCEDURES Plant material and tissue isolation
Hordeum vulgare cultivar (cv.) Navigator grains (100) were germinated for 2, 6 or 24 h at 16°C on two layers of sterilised Whatman no. 1 filter paper in a 90-mm Petri dish with 4 ml of sterile water. Plates were wrapped in aluminium foil to minimise evaporation. A germination test plate under the same conditions indicated 100% germinative capacity after 72 h (EBC, 1997).
Ten grains were cut longitudinally and fixed in 1 ml of Carnoy's fixative (6:3:1 v/v/v ethanol:chloroform:acetic acid) at 4°C for 24 h, using vacuum infiltration twice for 5 min each. This fixative was used to stop transcription in the half grains, to preserve RNA (Foss et al., 1994) and to enable subsequent microscopic examination of the tissues. The half grains were rinsed in RNAlater TM (SigmaAldrich, http://www.sigmaaldrich.com/) three times and vacuuminfiltrated twice for 5 min before soaking in RNAlater TM at 4°C for 16 h. Whole unfixed grains (wug) were immediately frozen at À80°C after germination.
Individual living and non-living tissues were isolated manually from grain quarters under a dissection microscope using tweezers and a scalpel blade (Figure 1) . Firstly, the embryo was 'popped out' with a scalpel, and most of the starchy endosperm was carefully scraped out. The grain section was subsequently turned endosperm side down and fine-nosed tweezers were used to progressively peel off the husk and the layers of the pericarp-testa (Figure 1 ). Sometimes the pericarp-testa layers came off together and sometimes individually, but they were combined for analysis. This left a 'clean' composite of the aleurone layer, the scutellum and the crushed cell layer, which could be easily separated from each other. The clean aleurone layers, which appeared bright white after the straw coloured pericarp-testa layers were removed, were dissected into three approximately equal portions, namely the proximal 'al1' portion (originally abutting the embryo), the central 'al2' portion and the distal 'al3' portion (Figure 1) .
Harvested tissue was rinsed in phosphate-buffered saline and collected into 2-ml tubes in a À80°C cold block. Material from approximately 10 grains was pooled to generate each of three biological replicates. Lugol's iodine reagent was used to confirm that the purified tissues were completely free of adherent starch granules.
RNA isolation
Tissue (30-200 mg) was ground in liquid nitrogen before isolating RNA using the Spectrum TM Plant Total RNA kit (SigmaAldrich) according to the manufacturer's instructions with the following modification. Prior to RNA isolation, tissue samples with high levels of starch, namely the starchy endosperm and whole grain, were treated with 10 ll of a-amylase (E-BLAAM, Megazyme, https://www.megazyme.com/) in 500 ll of lysis buffer from the Sigma Spectrum Total Plant RNA kit at room temperature (25°C) for 6 min before adding the b-mercaptoethanol. The RNA samples were treated with DNase I (NEB, https://www. neb.com/) at 37°C for 5 min before cleaning using the RNA Clean & Concentrator TM -5 kit (Zymo, https://www.zymoresearch.c om/). RNA was eluted in 15 ll (starchy endosperm, pericarp/ testa, husk) or 30 ll of water (all other samples). RNA integrity was assessed on an Agilent Bioanalyzer Nanochip (Adelaide Microarray Services, http://www.microarray.adelaide.edu.au/) prior to RNA-seq analysis.
RNA-seq analyses
For RNA-seq analysis, libraries were prepared from total RNA using the TruSeq Stranded Total RNA with Ribo-Zero Plant kit according to the manufacturer's instructions (Illumina, http:// www.illumina.com/) for three biological replicates of each tissue type. Sequencing runs were performed on a HiSeq1500 or NextSeq550 platform (Illumina), generating single-end reads with a length of 60 or 75 bp, respectively, and an average quality score (Q30) of above 95%. Mapping of reads to the barley genome (Mascher et al., 2017) was performed using the HiSAT2 alignment program (version 2.0.4, http://github.com/infphilo/hisat2) and only genes in the high-confidence annotation category were retained for further analyses. Generation of counts and TPM data and quantification of differential gene expression was performed using the edgeR (Robinson et al., 2010) and limma (Ritchie et al., 2015) packages. Counts were normalised to counts per million reads (CPM) and log transformed with an offset of 0.5. Only genes expressed with a cut-off of CPM > 0.5 in all biological replicates were considered for further analyses. Genes with a fold change of |log2| > 1 and a false discovery rate (FDR) < 0.05 were considered as differentially expressed. Multi-dimensional scaling (MDS) was performed using the plotMDS function in edgeR (Robinson et al., 2010) . For hierarchical clustering and generation of heat maps of DEGs, the Partek Genomics software suite version 6.16 (Partek Incorporated, http://www.partek.com/) was used. GO term enrichment analysis was performed using the ClueGO plugin for Cytoscape (Bindea et al., 2009) . For this, the closest Arabidopsis homologues of all barley mitochondrial DEGs were identified and the corresponding gene list used as the input. Gene body coverage and transcript diversity plots were generated with the RSeQC package (Wang et al., 2012) .
Microscopy
To demonstrate the purity of the isolated tissues, samples were photographed using a Zeiss Stemi 2000-C microscope and a Zeiss AxioCam ERc5S camera (http://www.zeiss.com/). Isolated tissues were fixed, dehydrated and embedded in LR White Resin (ProSciTech Pty Ltd, https://proscitech.com/) as outlined in Burton et al. (2011) . The resin blocks were sectioned (1 lm) using an ultramicrotome fitted with a diamond knife. Sections were stained with toluidine blue O (Sigma-Aldrich; Spurlock et al., 1966) and photographed using a Carl Zeiss M2 AxioImager microscope with an Zeiss AxioCam MRm camera.
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